The paper presents research results on curing two recently synthesized liquid crystalline epoxy materials with selected amines. The process of cross−linking, the final product of curing, and the pure monomers were examined using polarizing op− tical microscopy (POM), differential scanning calorimetry (DSC), and dielectric spectroscopy (DS). Chemical structure of the products was confirmed using spectroscopic methods. The authors attempted to demonstrate how selection of curing con− ditions (such as the amine used as curing agent, the curing temperature or preparation of the surface in contact with the sam− ple) influences optical properties of the cured product.
Introduction
Liquid crystals (LC) stabilized by a polymer network have attracted increasing interest over the recent years due to new possibilities arising from combination of liquid crystalline and polymeric properties, which cannot be found in low molar mass liquid crystals. The polymeric nature of LC polymers allows, for example, "locking in" the orientation either by decreasing the temperature below T g or by forma− tion of a densely crosslinked network [1] .
Liquid−crystalline epoxies due to their special properties are particularly interesting as monomers for obtaining liq− uid−crystalline thermosets (LCTs). LC epoxy resins have been extensively used to prepare ordered networks because of their good thermal and mechanical properties, high bi− refringence and low thermal expansion coefficient and shrinkage upon curing [2] . Industrial interest in LC epoxy resins began in the 1980s when large companies patented their results. When crosslinking is conducted in the meso− phase range, the obtained LCTs have unusual mechanical and thermal properties. These materials also have aniso− tropic properties if they are macroscopically aligned in ex− ternal fields. They have therefore been called self−reinforced or reinforced at the molecular level because of the special order of the mesogens in the polymeric matrix [3] [4] [5] [6] . Gener− ally an LC epoxy resin forms different phase structure at dif− ferent temperatures of curing. This results in different topo− logy of the same system, depending on the curing condi− tions. The same mixture can create an amorphous structure, i.e., the state of no arrangement, but it can also create a polydomain structure, which has many locally ordered areas [7] [8] [9] . It was also reported that the type of the domain struc− ture (nematic, smectic) as well as the size of the domains de− pend directly on the temperature applied to the mixture dur− ing the curing reaction [9] . Moreover it was also possible to prepare a monodomain network, a state of which is macro− scopically anisotropic [7] [8] [9] . External magnetic or electric field (as well as preparation of the cell surface) applied dur− ing the curing process may result in an ordered matrix because monomers in the nematic phase are easy to orientate (the viscosity of the monomer is much lower than in the polymer) [10, 11] .
Possible applications of epoxy resin systems include wave−guides and mechanically switched optical devices, for instance [12] . They can also find application in the produc− tion of colour filters. In particular, the most significant chal− lenges have been in the area of improving thermal resistance and transparency of colour filter resists [13] . Light resis− tance, heat resistance, and chemical resistance should be good for epoxy resin systems.
Liquid crystalline thermosets studied in this work were built from LC epoxy compounds. Two novel epoxy mono− mers, based on the same mesogen containing an azoxy group, were cured using commercial amines (DAT, DMAP) in an attempt to establish how different factors, such as type of the reagents or external conditions, affect properties of the final product. Both the monomers have a nematic phase in a wide range of temperatures, which was determined in microscopic observations followed by differential scanning calorimetry (DSC) and confirmed by wide angle X−ray scat− tering (WAXS) measurements in an earlier study [14] . Dif− ference in the molecular structure (length of aliphatic chains) results in a noticeable shift of phase transition tem− peratures and an extra smectic−A phase appears in the lon− ger monomer. Isothermal curing at the temperatures at which pure monomers exist in LC state yielded solid and thermally stable materials. The process of curing of various mixtures was extensively studied using several methods in− cluding DSC, optical observations (POM) or dielectric spectroscopy (DS). From DSC measurements for the mix− tures it is possible to obtain the temperatures in which the curing reaction takes place (and also temperatures of any phase transitions in the mixtures). Microscopic observations in polarized light enable detection of changes in the textures during the reaction. Real−time dielectric spectroscopy (DS) shows changes in the electrical properties of the mixture during the isothermal curing. This method is not commonly used yet in studying chemical reactions. Optical and calo− rimetric measurements were also performed on the final products and the obtained physical properties were com− pared.
Materials
Synthesis of the two novel diepoxy compounds based on the same core but differing in the length of the carbon chains was described in our previous paper [14] . In Ref. 14, two− −stage synthesis methods were developed and the monomers were derivatives of 4,4o−dihydroxyazobenzene obtained in a similar way as in Ref. 15 . Their molecular structures (along with the amines used as curing agents) are shown in Fig. 1 .
The purity of the obtained epoxy compounds was as− sessed chemically by titration its chloroform solution con− taining tetraethylammonium bromide with perchloric acid solution in anhydrous acetic acid. The procedure described in the standard ISO 3001−1978 was used. The thus mea− sured epoxy numbers (in moles of epoxy groups per 100 g) differed from calculated ones by less than 1%. The tempera− tures of phase transitions and a type of the phases were de− termined in microscopic observations supported by differ− ential scanning calorimetry (DSC), dielectric spectroscopy (DS) and wide angle X−ray scattering (WAXS) measure− ments and described in Ref. 14. The investigated monomers have a nematic phase in a wide range of temperatures. In− creasing the number of carbon atoms in the aliphatic chains has an effect of changing the range of mesophase. An addi− tional smectic−A phase also appears in the longer monomer. The temperatures of phase transitions are shown in Table 1 . Table 1 . Phase transitions in investigated compounds during cooling.
Temperatures of phase transitions (°C)
These monomers were cured using standard amines DAT and DMAP ( Fig. 1 ), which are commonly applied to traditional epoxies. In the case of DAT, stoichiometric com− position of the mixture is routinely used and it was done so in the present work as well. For DMAP, the mass ratio of the amine and the monomer was 1%. In our work we aimed to choose curing temperatures at which pure monomers would be in mesophase. The details of the curing conditions in par− ticular cases are given further in the paper. Conversion of epoxy groups and formation of hydroxy ones was con− firmed by FTIR spectra. The bands characteristic for epoxy groups at about 920 cm -1 disappeared almost completely in all the cases.
Experimental
All starting materials were commercial reagents (Aldrich, Fluka, Merck) and were used without further purification. The chemical structure of the products was confirmed by 1 H−NMR and FTIR spectroscopy using a Bruker Avance II 500 and a Paragon 1000 FT−IR spectrometer, respectively. Differential scanning calorimetry (DSC) measurements were performed with the use of a Mettler Toledo DSC822 e instrument under nitrogen atmosphere. The thermograms, recorded at heating and cooling rate of 10 deg/min, allowed us for determination of phase transitions.
Dielectric response was recorded using Solartron 1260 Impedance Analyser with Chelsea Dielectric Interface 1295. The temperature was controlled using a nitrogen−gas cryostat with a temperature controller, an experimental set−up from Novocontrol. The process of curing was studied in isothermal conditions, using sandwich−type metal cells. The amplitude of the sinusoidal AC signal was 0.5 V. As a result of measurements, real and imaginary parts of com− plex permittivity were obtained in the frequency range from 10 -1 to 10 6 Hz. Dielectric spectroscopy was used to trace changes in ionic mobility in the course of the reaction. Due to high ionic conductivity at the curing temperatures, dielec− tric response in the low frequency range was analysed in terms of the imaginary part M" of the electric modulus. The complex electric modulus defined as M* = 1/e* is an alter− native approach to the analysis of dielectric relaxation data, which is now widely accepted in ionic materials.
The textures of the compounds were observed using a polarising microscope at a magnification of 80´. The mea− surements were performed in two arrangements, one with the mixtures placed on plain glass plates and one using the cells made of parallel glass plates covered with conducting layers, in which the electrodes were also covered with thin polyimide film with anti−parallel rubbing. This additional coating enforced planar orientation of liquid crystalline samples. The sample thickness was 5×10 -6 m in the cell with polyimide layer.
We have measured the transmission coefficient T by em− ploying spectrophotometer Specord 40 Carl Zeiss Jena. It is common to describe the transparency of an absorbing mate− rial by the transmission coefficient T
where I o and I is the incident and emerging light intensity, respectively. The results obtained for the transmission coef− ficient T are shown as a function of the wavelength l.
Results and discussion
In principle, curing of liquid crystalline monomers should be carried out at the temperatures, at which they have meso− morphic properties and curing above the isotropisation tem− perature of the monomer usually results in structurally iso− tropic products. On the grounds of the performed DSC stu− dies, estimated reactivity of the investigated systems and properties of the monomers (liquid crystallinity range), the conditions for curing were chosen. After curing in the se− lected conditions, the samples were additionally annealed at a high temperature in order to increase the conversion of functional groups and the number of crosslinking bonds. An example of the dynamic DSC analysis performed during heating at a constant rate of 10 deg/min is shown for the AU12 monomer cured with the DAT and DMAP amines (Fig. 2) . The first endothermic peak in the dynamic curve for AU12/DAT [ Fig. 2(a) ] corresponds to melting of the amine, which was concluded from microscopic observations, and the second endothermic peak is caused by melting of the monomer. In the second example (AU12/DMAP), the first endothermic peak corresponds to melting of the monomer and the second, smaller peak reflects melting of the amine. In both DSC observations, the exothermic peak accompany− ing the curing reaction appeared above 140°C, but holding the mixtures for some time at a temperature above 100°C was also sufficient to initiate slow progress of the reaction. Obviously, the curing time is longer at lower temperatures, as the reaction progress is slower. Curing at lower tempera− tures (below 140°C) also results in the reaction stopping be− fore reaching full conversion, so the samples require post− curing at a higher temperature. After 2 hours of post−curing, both materials were fully crosslinked. This is confirmed by Opto DSC study of the products [ Fig. 2(b) ] where no transitions related to melting of the monomer or the amine can be seen. FTIR analysis of the products also demonstrates disappe− aring of the bands characteristic for epoxy groups (Fig. 3) . Curing at high temperatures (above 140°C) causes the reaction to progress rapidly which results in an isotropic structure. Slower pace of the reaction allows for partial re− taining of the internal orientation specific for liquid crystal− line materials also in the cured product. This has been con− firmed by microscopic observations. Textures emerging as a result of curing at lower temperatures remained unchanged even after subsequent annealing. Another advantage of cur− ing at lower temperatures is that the mixture's viscosity grows slower, which facilitates sample manipulation (e.g. precise filling of the cell) also in the course of curing, when the mixture achieves the most convenient viscosity.
Due to the fact that some physical properties of the ma− terial may change substantially in the course of curing, de− termination of the optimal duration of the process is usually based on measuring such changes during the progressing re− action. In this work, the curing process was monitored with the use of real−time dielectric spectroscopy (DS). The appli− cation of the DS technique for observation of thermosetting systems was first described by Senturia and Sheppard [16] . The procedure of dielectric monitoring of curing of various systems, including epoxy−amine ones, was developed and is continually improved by other researchers [17, 18] . The main subject of those studies was focused on changes in the dynamics of dipolar motions in the course of the reaction. In the present work this technique was applied to study changes in ionic conductivity during the reaction by ex− pressing the experimental data in terms of the imaginary part M" of the electric modulus. This approach turned out to be fruitful since the changes occurring in the cured system are well reflected in the plots of M" vs. time and they allow to monitor the reaction dynamics. In the modulus repre− sentation, the observed frequency range contains a peak directly related with ionic conductivity.
At the temperatures used for curing of epoxy materials, ionic conductivity is always well visible in the low fre− quency range. As an example, the progress of curing was shown for both monomers (AU1 and AU12) with the DAT amine (Fig. 4) .
By comparing both plots one can notice different dy− namics of curing in both the cases at the selected tempera− tures. Different plots were also obtained for the same mix− tures cured at different temperatures, which reflect the reac− tion dynamics at these temperatures. For AU1 AU1 at the lower temperature [ Fig. 4(a) ], the crosslinking progresses slowly and even after 3 hours the reaction still does not reach completion. At the higher temperature (130°C), the progress of curing was similar to the other material. For the AU12/DAT mixture, at the lower temperature, the reaction ran somewhat faster but after some time it slowed conside− rably [ Fig. 4(b) ]. However, in both the cases, additional post−curing at a higher temperature was needed to reach full conversion. This necessity can be concluded from a com− parison of the plots obtained at a given temperature for the same material after the first curing and after annealing. Examples of light transmission characteristics of the ob− tained products are shown in Fig. 5 . By curing the mono− mers with the selected amines at a temperature of 105°C, materials with quite good transparency were obtained. The only exception was AU12 cured with the DAT amine. The products cured in liquid crystal cells have slightly shifted and sharper absorption boundary in comparison to the ones cured on plain glass plates. The use of glass cells also en− forces uniform thickness of the samples.
The presented examples show that the choice of the ami− ne used for curing affects transparency of the final product. This influence was confirmed by experiments with another amine (DDM) where the final cross−linked product had very low transparency regardless of the curing conditions (such as temperature, type of monomer or type of substrate).
For all the investigated products, optical observations under a polarizing microscope were also performed. Exam− ple results are shown in Fig. 6 (crossed polaroids were not used for isotropic materials). In the case of curing the AU12 material with the DAT amine on a glass plate, an isotropic material was obtained in spite of low curing temperature, the obtained texture can be seen in Fig. 6(a) . This is also the material for which the lowest transpa− rency was obtained. However, curing carried out in the same conditions, but in a cell enforcing orientation of liquid crystalline material, yielded a final product showing an anisotropic texture [ Fig. 6(b) ]. In the case of the same mate− rial cured with the DMAP amine, the difference is even more evident [Figs. 6(c) and 6(d)], the observed texture is definitely anisotropic and similar to textures observed in liq− uid crystalline materials. An interesting observation was made by studying the product of curing of this mixture (AU12/DMAP) at the temperature of 130°C, at which pure AU12 is already isotropic. In this case, the product of cur− ing, carried out in a glass cell was completely isotropic, with very high transparency. These observations as well as the results of transparency measurements (presented earlier) can be summed up in the conclusion that curing temperature strongly affects the structure of the final product but does not significantly influence its transparency.
Similar results were obtained for the AU1/DAT system cured at 105°C. In this case an isotropic texture (almost like the one obtained for AU12/DAT) was observed for the product cured on a plain glass plate and a nematic−like tex− ture appeared when curing was carried out in a liquid crystal cell. The product of AU1/DAT cured in the cell was ani− sotropic, but its texture was not homeotropic.
Summarizing the microscopic observations it can be said that the optical (and structural) properties of a cured liq− uid crystal system depend on the surface on which the reac− tion takes place and at the temperature of curing (which is correlated with the temperature range of mesophase in pure monomer). These observations show differences between traditional epoxy resins where temperature and time of cur− ing are determined mainly by properties of the amine and liquid crystal epoxy resins, where additional conditions should be considered.
Conclusions l
In the case of studied liquid crystalline monomers, curing below the isotropisation temperature of the pure monomer and using cells enforcing alignment of molecules leads to formation of an anisotropic network. The curing process in such conditions is slow, as seen in DSC results and di− electric measurements performed in situ.
l Curing at a high temperature, at which the monomer would be isotropic, produced a transparent, isotropic network.
l In order to fully cross−link material cured at a low tem− perature (below the temperature corresponding to maxi− mum heat effect on the dynamic DSC curve) it must be subsequently annealed at a higher temperature. How− ever, this additional post−curing does not change the op− tical properties of the product. 
